This paper describes the fuzzy model reference adaptive controller design for nonlinear system based on TSK model. The stability of closed-loop system can be assured by Lyapunov function and the adaptive law is developed. The parameters of the controller can be regulated by the adaptive rules and the control scheme is applied on the automatic gauge control system and spherical motor system as two examples. The analysis of dynamic performance for ordinary PID controller and fuzzy adaptive controller is performed in detail with simulation software. Simulation results verify the systems with strong adaptive ability and can adapt to the changes and disturbances of the controlled object. This study provides a theoretical guide for the configuration design, optimization and control research of multivariable nonlinear systems.
Introduction
Fuzzy control method is fit for the case of the mathematical model of the system is difficult to obtain or very complex. In addition, to determine the fuzzy rules, it is generally the same parameters, so the system does not have parameters or parameters are relatively small. If the system uncertain parameters or the system with large process parameters is difficult to get good results, to compensate for these shortcomings, the adaptive control scheme proposed should be fuzzy control method. In 1950's, Professor Whithei presents the model reference adaptive system (MRAS), which is currently a set of matured theory and design method of adaptive control system. MRAS can play a better role for the control of many industry control objects with the environment and parameters of controlled object change. However, there are more complex adaptive mechanisms, large amount of design work and hard for computer implementation and other difficulties [1] . Since Ichikawa put forward the innovative design of model reference adaptive fuzzy control, many scholars have made progresses on the application of fuzzy theory to design model reference adaptive system [2, 3] .
Iron and steel industry is always in the process of industrialization based on the status of the industry, and the production of steel strip steel is a very important aspect. Strip thickness accuracy as a measure of material quality is one important aspect, and is general concern issue for domestic and international metallurgical industry. Use of automatic gauge control (AGC) to improve the accuracy of strip thickness is a trend for accuracy improvement currently, whose core is to control the uniformity of the strip [4, 5] . Intelligent control technology applications in the rolling mill process has become an inevitable trend, currently the technology is still in continuous improvement. Due to many problems of traditional AGC systems, the most obvious problem is that the control accuracy, and intelligent control technology as fuzzy control and neural network control system can improve the accuracy of AGC to improve the control effect of the rolling process [6] . Fuzzy inference system can take advantage of already acquired knowledge and experience of experts to determine the criteria of roll gap adjustment for the AGC system with high accuracy regulation requirements. This paper establishes a mathematical model of the system's static and dynamic characteristics are analyzed, and a fuzzy adaptive control strategy is adopted to achieve satisfactory results. The aim of this study is to develop and apply a fuzzy model reference adaptive controller for industrial rolling mill gauge control, also with a detailed comparison with ordinary PID controller.
The spherical motor as one of motion actuator can provide advantageous features over traditional drive mechanisms which are usually constructed by several conventional drive motors or actuators, each having one degree of freedom and reducing the position accuracy, stiffness, dynamic performance and efficiency of the system. The spherical motor is a nonlinear, strong-coupled system with undesired static and dynamic performances. This paper focuses on the application of fuzzy model reference adaptive control to the spherical motor as the second example, which extends the extent of application of the proposed control method. The work results can have maximum capabilities for further control system design and control strategy research of this kind of industry applications.
Adaptive fuzzy control theory 2.1 Model reference adaptive control system
The basic system comprises the reference model, controlled object, feedback controller and adaptive controller. The reference model is an ideal model and its output ) (t y m directly denotes the required dynamic response. The adaptive regulation process of the controller parameters is described as follows. when the input value ) (t r is set to the controller, it is also simultaneously added to the reference model input; at the initial stage, since the origin parameters of controlled object are unknown, the controlled parameters are not determined causing the output response ) (t y not in accordance with ) (t y m and ) (t e is produced. When ) (t e is introduced into the adaptive regulation loop, through the calculation by adaptive laws and then proper dynamic signal of changing the controller parameters is derived to make the ) (t y get approaching to ) (t y m , i.e. 0 ) (  t e with adaptive process ceased.
Fuzzy adaptive model reference control system
The structure of fuzzy model reference adaptive control system can be shown in figure 1. In the control system, the fuzzy adaptive controllers together with the controlled object constitute the closedloop system with adjustable parameters [7] [8] [9] . The controller uses the indirect control method, which is firstly modeling the controlled object by the fuzzy logic system, and then producing the desired control action. The fuzzy logic system can get approaching the controlled object by regulating the adjustable parameters, so that the output of the system under certain conditions can track the reference model output for any precision [10, 11] . 
Control algorithm design
In design of the controller, let the controlled object is n dimensional nonlinear system [9] : where f and g are unknown nonlinear functions, u is the control signal, y is the output of controlled object.
Define the state variables
, the optimal control signal * u can be derived as )
) , , ,
Firstly, the ith TSK fuzzy model can be derived from the input-output datum of controlled object.
where j z is the premise variable; i j F is the function value of j z to the fuzzy set.
, the state and output equations of (4) can be derived.
The TSK fuzzy controller is based on the equation (4). The i th rule is
where the fuzzy controller i C and the fuzzy model i M have the same fuzzy set; ) (
is scalar value. i g and i g 0 are derived from the follows
where  is the state transition matrix.
The controlled signal u is 
where r denotes the number of rules;
Extend from equation (9) 
Substitute equation (2) and (12) Using equation (11) and (17), rewrite the error equation:
where r is positive constant, P is positive definite matrix satisfying the Lyapunov function, 0 The discrete TSK fuzzy model is composed by the following rules: 
Applications on process and motion control system

Hydraulic AGC system model
Gauge control system is a typical double close loop control system; position control is the inner loop of gauge control system, and thus to establish system model of gauge control, the mathematical model of position control should be found first. The mathematical model of position control is composed of hydraulic cylinder, servo valve, position transducer and other segments. The thickness control system is composed of more than a combination of AGC control, foremost of which is electro-hydraulic position servo system. The servo system consists of oil pipelines, servo valves, back to the oil pipeline, hydraulic cylinders, sensors, control amplifier. Automatic gauge control system of the inner-loop is formed by the hydraulic pressure system based automatic position control system (APC). AGC feedback loop control system is measured by the gauge device of the thickness of the formed strip. AGC system uses the gauge outer loop and position inner loop mode or gauge outer loop and pressure inner loop mode. Based on the models of individual elements of the AGC system, the complete hydraulic AGC system block diagram can be shown in figure 2 . The main parameters can be given as in table 1 [6] .
The closed-loop hydraulic AGC system transfer function can be derived as To illustrate the steady characteristics of the system, three poles as -86.37 + 1.1523i, -86.37 -1.1523i, -19.19 are calculated, which are all located in the left half plane and not surrounded with -1 point on the complex plane. From the Nyquist stability criterion, the system is determined stable. Without controllers, the open-loop control system is stable, but the system response speed is too slow, the hydraulic AGC system is obviously does not meet the requirements of fast and must be corrected by adding controller to improve system performance, to function properly in production.
Spherical motor model
The motor prototype consists of a ball-shaped rotor with four layers of 40 poles and two layers of 24 poles. There are 10 poles with equally spaced position of alternative N-S distribution for the rotor. There are 12 poles in each layer and controlled separately for the stator. Fig. 3 shows the basic structure and the torque produced by one pair of poles of the motor. The motor is designed to implement maximum 67 degrees tilt motion and 360 degrees rotation. Using the Lagrange energy method, the dynamic equations of spherical actuator are obtained [12] [13] [14] . Each equation represents an axis of Cardian Angle. It can be seen that there are many one-order and two-order coupling terms in the equation, which indicates serious inter-axes nonlinear coupling of the spherical motor.
Like the conventional reluctance motors, the operation of the spherical stepper motor is also based on the reluctance forces. The difference is that the flux path is not closed due to the non-magnetic material used in the rotor. It can be considered that the torque or force exerted on the rotor is the summation of individual rotor/stator pair interactions and the torque calculation model has the linear property. From the step response that can be seen from figure 4 and 5, when the controlled object model changes, the fuzzy adaptive controller, the response curves corresponding to no significant changes, overshoot and settling time are still very small; the curve under the control of PID controller is with rapid increase in overshoot. It can be seen that the ordinary PID controller is weak to be adapt to external parameters, when the parameters of the controlled object changes can not make the necessary adjustments; the adaptive fuzzy controller is with strong ability of resisting the disturbances with better robust performance, to make the hydraulic AGC control system achieve satisfactory results.
For the motion control of the spherical motor, simulation experiment has been carried out with the presented robust neural network control algorithm and the system model. Table 2 shows the system parameters, the configuration and other parameters can be seen from references. The spin rotation velocity response curves are illustrated in figure 6 and 7 with two control methods. In the simulation process, after the initial step response, a sudden change of disturbance torque with amplitude of 1.5Nm is exerted on the rotor at the time of 8 s; the simulation is to prove the validity of the control strategy. The results validate that in the case of disturbance, the whole system is stable with a better velocity tracking performance. 
Conclusions
Fuzzy Model Reference Adaptive Controller Design for Multivariable Nonlinear System Zheng LI, Hongbo JIN Based on the fuzzy system, a model reference adaptive controller for multivariable nonlinear system is developed and applied on examples of AGC system and spherical motor system. The control method is to make the output of system track the reference model output adaptively. The fuzzy system adopts relatively less number of rules; the fuzzy model and fuzzy controller are in linear equation structures to express properly the performances of the nonlinear TSK fuzzy system. Using Lyapunov stability theory, the stability of closed-loop system can be guaranteed and optimal adaptive rules can be derived. Through simulation experiments on AGC and spherical motor system, it can be verified that better performances can be realized on the dynamic response and stability in the case of object state changes or exerted by disturbances compared with ordinary PID control. It is expected that the presented work can give a reference for further development of advanced schemes of adaptive fuzzy control and for industrial applications.
